Introduction
All cells of the mammalian organism express Gprotein-coupled receptors as well as several types of heterotrimeric G-proteins and eectors. G-proteins consist of a-, b-and g-subunits and couple activated receptors to eector proteins. The main properties of individual G-proteins appear to be primarily determined by the identity of the a-subunit. More than 20 G-protein a-subunits have been described in the mammalian system, and they can be devided into four subfamilies based on structural and functional homologies (Table 1 ; Simon et al., 1991) . Five G-protein bsubunits and 11 g-subunits have been found so far in the mammalian system. The bg-complex has long been regarded as a more passive partner of the G-protein asubunit. During the last years it has become clear that bg-complexes also play a very important role in the regulation of various eectors (Clapham and Neer, 1997) . It is not clear how the structural and functional complexity of the G-protein-signaling system leads to a speci®c and adequate response to extracellular stimuli on the cellular level. It has, however, become increasingly obvious during the last years that heterotrimeric G-proteins are not simple signal transductors but that they represent a central part of a sophisticated molecular machine which is able to receive, to integrate and to process information carried by extracellular signals. (For recent reviews on heterotrimeric G-proteins see Neer, 1995; Gudermann et al., 1996; Fields and Casey, 1997; Hamm, 1998; Knall and Johnson, 1998; Wilkie, 2000) .
G-protein-mediated signaling is involved in many physiological and pathological processes. The function of G-proteins has mainly been studied in cell-free systems or on the cellular level while little is known about their role on a more complex level. To analyse G-protein functions in the context and under the condition of the intact organism, almost all known genes encoding G-protein a-subunits have been inactivated by gene targeting in mice with often unexpected results (Table 1) . So far, no mouse line was reported carrying targeted mutations of Gb-or Gg-genes. This review summarizes recent ®ndings in Ga-de®cient mice by focusing on those systems and functions which have been reported to be mainly aected by inactivating mutations of murine Ga genes.
Central nervous system
Most neurotransmitters of the central nervous system (CNS) act on G-protein coupled receptors to modulate neuronal activity. The receptors are found pre-and postsynaptically and mediate relatively slow responses. Inhibitory modulation is mostly mediated by coupling of receptors to members of the G i/o family whereas G qand G s -family members are primarily involved in excitatory responses.
The G-protein G o is highly abundant in the mammalian nervous system where it constitutes up to 0.5% of membrane proteins. Expression has also been shown in neuroendocrine cells as well as at low levels in the heart. On a cellular level, G o has been demonstrated to mediate inhibition of neuronal (N-, P/Q-, R-type) Ca 2+ channels through the interaction of its bg complex with the a 1 subunit of the channel (Zamponi and Snutch, 1998) . This process has been implicated in the negative feedback regulation via presynaptic neuronal Ca 2+ channels. In growth cone membranes, G o makes up 10% of the membrane protein (Strittmatter et al., 1990) . This and the fact that GAP43, another protein enriched in growth cones and involved in neuronal path®nding, can regulate the activity of Ga o (Strittmatter et al., 1990 (Strittmatter et al., , 1995 has led to the hypothesis that Ga o plays a role in neuronal guidance. Surprisingly, Ga o (7/7) mice showed no gross morphological abnormalities, and neuronal path®nding as well as growth cone collapse appeared to be normal in these animals (Valenzuela et al., 1997) . Ga o -de®cient mice, however, are clearly impaired being smaller and weaker than their littermates and showing greatly reduced postnatal survival rates (Valenzuela et al., 1997; Jiang et al., 1998) . Ga o -de®cient mice suer from tremors and have occasional seizures. A severely abnormal motor behavior can be observed in Ga ode®cient mice which show an elevated level of motoric activity and an extreme turning behavior. In addition, Ga o -de®cient mice appear to be hyperalgesic when tested in the hot plate assay . Opioid receptor-mediated inhibition of Ca 2+ currents in dorsal root ganglia (DRG) from Ga o -de®cient animals was reduced by about 30% compared to those in wild-type DRGs indicating that inhibition of this current is not exclusively mediated by G o . However, the reduction of opioid-induced Ca 2+ channel inhibition in DRGs from Ga o (7/7) mice may contribute to the hyperalgesia seen in the hot plate test as analgesic eects of opioids on the spinal level are believed to involve presynaptic Ca 2+ channel inhibition in the aerent pathway. The neurological defects observed in Ga o -de®cient mice indicate that Ga o plays an important functional role in the central nervous system while it is obviously not crucially involved in the morphogenesis of the CNS. G z , a member of the G i/o -family of G-proteins shares with G i1 , G i2 and G i3 the ability to inhibit adenylyl cyclases (Wong et al., 1992; Kozasa and Gilman, 1995) . In cotransfection experiments, it was shown that several of the inhibitory receptors which couple to G o and G i -type G-proteins in the central nervous system, like opioid-, serotonin 5-HT 1A , a 2 -adrenergic or dopamine D 2 receptors, also couple to G z (Ho and Wong, 1998) . In contrast to G i -type G-proteins, G z is not a substrate for pertussis toxin and has a rather limited pattern of expression, being found in brain, adrenal medulla and platelets (Fields and Casey, 1997; Ho and Wong, 1998) . In addition, Ga z has quite unusual biochemical properties which distinguish it from Ga i and other G-protein a-subunits. It has a very low basal GDP dissociation and GTP hydrolysis rate (Casey et al., 1990) , and interacts with RGSZ1 as well as with Rap1GAP (Glick et al., 1998; Wang et al., 1998; Meng et al., 1999; Mochizuki et al., 1999) . Mice which lack Ga z are viable and do not show any obvious neurological defects. However, Ga z -de®cient mice exhibit altered responses to a variety of psychoactive drugs. Cocaine-induced increases in locomotor activity were much more pronounced in these animals compared to wild-type mice and short term antinociceptive eects of morphine were found to be slightly reduced (Yang et al., 2000) . However, Hendry et al. (2000) using a dierent strain and a dierent experimental protocol did not observe an alteration in the acute eect of morphine while tolerance to the antinociceptive eects after chronic morphine administration was increased. Most strik- Studies in Ga-deficient mice S Offermanns ingly, it was found that behavioral eects of catecholamine reuptake inhibitors like reboxetene and desipramine were abolished in Ga z de®cient mice (Yang et al., 2000) . The receptors involved in the various eects of psychoactive drugs are not always clearly de®ned. Nevertheless, the results of these studies clearly indicate that G z is involved in signaling processes regulated by various neurotransmitters. Ga olf , a member of the Ga s family, has been shown to be expressed in olfactory sensory neurons as well as in the basal ganglia, olfactory tubercle, the hippocampus and the Purkinje cells of the cerebellar cortex (Herve et al., 1993; Zhuang et al., 2000) . Most of these brain regions also express Ga s . However, Ga olf expression levels clearly exceed those of Ga s in the nucleus accumbens, the olfactory tubercle and in the striatum (Belluscio et al., 1998; Zhuang et al., 2000) . Ga olf -de®cient mice exhibit dramatically reduced electrophysiological responses to all odors tested (Belluscio et al., 1998) supporting the idea that G olf mediates the activation of seven transmembrane domain receptors for odorants in the olfactory cilia (Schild and Restrepo, 1998) . Since nursing and mothering behavior in rodents is mediated to a great deal by the olfactory system, most Ga olf -de®cient pups die a few days after birth due to insucient feeding, and rare surviving mothers exhibit inadequate maternal behavior resulting in the death of all pups born to Ga olf -de®cient mothers (Belluscio et al., 1998) . Apart from these olfactory defects, surviving Ga olf -de®cient mice exhibit clear motoric abnormalities like hypermotoric behavior (Belluscio et al., 1998) . Similar phenotypical changes have been observed in mice lacking the dopamine D 1 receptor (Xu et al., 1994) which has been found to be coexpressed with Ga olf in striatal neurons (Herve et al., 1995) , and recent data further support the existence of a pathway consisting of D 1 receptors and G olf . Functional data as well as regional coexpression suggest the existence of a signaling cascade consisting of the D 1 receptors, G olf and adenylyl cyclase type 5 in the nigrostriatal and in parts of the mesolimbic dopaminergic pathway (Zhuang et al., 2000) . Thus, the function of G olf is not restricted to olfactory sensory cells but obviously plays a role also in other areas of the central nervous system.
The two main members of the G q -family, G q and G 11 , are widely expressed in the central nervous system and couple numerous receptors to b-isoforms of phospholipase C. Usually, levels of Ga q exceed those of Ga 11 several fold in the CNS. Mice lacking Ga q develop an ataxia with clear signs of motor coordination de®cits. The main neuronal connections in the cerebellar cortex are believed to play an important role in motor coordination and motor learning (Kim and Thompson, 1997) , and functional defects could be observed in the cerebellar cortex of Ga q de®cient mice (Oermanns et al., 1997c) . While excitatory synaptic transmission from parallel ®bers (PFs) to cerebellar Purkinje cells (PCs) and from climbing ®bers (CFs) to PCs was functional, about 40% of adult Ga q -de®cient PCs remained multiply innervated by CFs due to a defect in regression of supernumerary CFs in the third postnatal week which most likely resulted from a functional defect at the PF-PC-synapse. A defect in the modulation of the PF-PC synapse in mice lacking Ga q is also suggested by the fact that long term depression (LTD) of the PF-PC synapse was de®cient in Ga q (7/ 7) mice (M Kano et al., unpublished) . Very similar phenotypes have been described in mice lacking the metabotropic glutamate type 1 receptor (GluR1) (Aiba et al., 1994; Kano et al., 1997) which couples to Ga q/11 as well as in mice de®cient in the b4 isoform of phospholipase C which shows predominant expression in cerebellar Purkinje cells (Roustan et al., 1995) . The mGluR1, Ga q and PLCb4 are colocalized in dendritic spines of PCs Kano et al., 1998; Tanaka et al., 2000) , suggesting that a de®ned signaling cascade in the postsynaptic membrane of PF-PC synapses is involved in the postnatal elimination of multiple CF innervation as well as in cerebellar LTD. Similar signaling pathways involving G q are likely to exist in dierent areas of the brain. It is currently not clear whether the levels of Ga 11 are too low to compensate for the loss of Ga q or whether both proteins serve at least in part noninterchangeable functions.
Development
The phenotype of various Ga mutant mice have pointed to the involvement of G-protein mediated signaling pathways in certain developmental processes, an aspect of G-protein function not fully appreciated so far. G 12 and G 13 constitute the G 12 family and appear to be expressed ubiquitously (Strathmann and . Both G-proteins have been shown to induce cytoskeletal rearrangements in a Rho-dependent manner (Buhl et al., 1995; Sah et al., 2000) . Lack of Ga 13 in mice results in embryonic lethality at about midgestation. At this stage, mouse embryos express both, Ga 12 and Ga 13 . Analysis of Ga 13 -de®cient mouse embryos revealed that loss of Ga 13 leads to a defective organization of the vascular system which is most prominent in the yolk sac and in the head mesenchym (Oermanns et al., 1997a) . Vasculogenic blood vessel formation through the dierentiation of progenitor cells into endothelial cells was not aected by the loss of Ga 13 . However, angiogenesis which include sprouting, growth, migration and remodeling of existing endothelial cells (Risau, 1997) was severely disturbed in Ga 13 (7/7) embryos. Chemokinetic eects of thrombin were completely abrogated in ®broblasts lacking Ga 13 , indicating that Ga 13 is required for full migratory responses of cells to certain stimuli. Angiogenesis requires endothelial cell interaction with extracellular surfaces, local cell movement and remodeling, processes which require local cell movement and orientation in response to speci®c extracellular stimuli. The defects observed in Ga 13 -de®cient embryos and cells occurred in the presence of Ga 12 , and loss of Ga 12 did not result in any obvious defects. Interestingly, Ga 12 -de®cient mice which carry only one intact Ga 13 allele also die in utero (S MuÈ ller, S Oermanns, MI Simon, unpublished data). This genetic evidence indicates that Ga 13 and its closest relative, Ga 12 , ful®ll at least partially non-overlapping cellular and biological functions.
Apart from the role of G q/11 in heart development signaling through G q class members has also been implicated in the proliferation and/or migration of neural crest cells (Bronner-Fraser, 1995) . Endothelin-1 and the G q/11 -coupled endothelin A (ET A ) receptor are essential for normal function of craniofacial and cardiac neural crest. Endothelin-1 and ET A receptorde®cient mice die shortly after birth due to respiratory failure (Kurihara et al., 1994 (Kurihara et al., , 1995 Clouthier et al., 1998) . Severe skeletal abnormalities could be observed in their craniofacial region, including retarded mandibular bones, aberrant zygomatic and temporal bones, and absence of auditory ossicles and tympanic ring. A milder form of the endothelin-1/ET A -receptor (7/7) craniofacial phenotype was observed in Ga q (7/7); Ga 11 (7/+) mice . In contrast, Ga q (7/+); Ga 11 (7/7) mice did not show craniofacial abnormalities suggesting that ET A receptor-mediated neural crest development involves primarily Ga q . It is also possible that a certain amount of Ga q /Ga 11 is required for endothelin-1 dependent craniofacial development and that this is only provided by one intact allele of the Ga q gene but not of the Ga 11 gene.
Stimulatory regulation of adenylyl cyclases through G-protein-coupled receptors involves G-proteins of the G s -family of which two main members are known, G s and G olf . The ubiquitously expressed Ga s gene gives rise to several splice variants. Ga s is the only member of its subfamily expressed in most if not all mammalian cells, and the complete loss of Ga s in mice homozygous for an inactivating Ga s mutation leads to embryonic lethality before embryonic day 10 (Yu et al., 1998) . Heterozygotes which inherited the intact allele from their fathers [Ga s (m7/p+)] have increased birth weights with subcutaneous edema. Later on, they exhibit a delayed development of thymus, kidney and cerebellum as well as neurological signs like ataxia and tremors. Most of these animals die within the ®rst postnatal weeks. Surviving animals develop obesity and are resistant to parathyroid hormone (PTH). Heterozygous mice which have inherited one intact Ga s -allele from their mothers [Ga s (m+/p7)] are born hypotrophic and the majority die within one day after birth. In contrast to the maternally inherited allele, the paternal allele was not expressed in white and brown adipose tissue as well as in the proximal tubulus of the kidney (Yu et al., 1998 (Yu et al., , 2000 suggesting that the Ga s gene is paternally imprinted (i.e. only the maternal allele is expressed) in a tissue speci®c manner. This explains the phenotype seen in [Ga s (m7/p+)] mice. It is, however, not clear whether defects found in the presence of the maternally inherited allele are due to genetic haploinsuciency and/or to a tissue-speci®c imprinting of the maternal Ga s allele. Similar phenotypes have been observed in humans carrying a mutation in one of the Ga s alleles (Weinstein and Yu, 1999) .
Immune system
Ga i2 -de®cient mice develop a lethal, diuse in¯amma-tory bowel disease which resembles in many aspects ulcerative colitis in humans (Rudolph et al., 1995) . The penetrance of this phenotype was greatly aected by the genetic background of the mice homozygous for the mutation. While 100% of Ga i2 -de®cient mice on an inbred 129/Sv background developed in¯ammatory bowel disease homozygotes on a 129/Sv6C57BL/6 outbred background showed greatly reduced occurrence of the disease. Ga i2 -de®cient mice show increased numbers of CD4 + CD8
7 and CD4 7 CD8 + thymocytes with increased staining of CD3. A variety of other abnormalities were observed in Ga i2 -de®cient mice, and in subsequent studies, dramatic changes in the phenotype and function of intestinal lymphocytes and epithelial cells have been described which are likely to be due to defective lymphocyte homing in enteric epithelia (HoÈ rnquist et al., 1997). Dysregulation of the immune system in the intestinal mucosa clearly precedes the histopathological and clinical onset of bowel in¯ammation further supporting a role of immunological abnormalities in the pathogenesis of colitis in the Ga i2 -de®cient mice (O È hman et al., 2000) . On a cellular level, G i2 may be involved in the regulation of T cell function and tracking, processes which can be controlled through G i -coupled chemokine receptors (Baggiolini, 1998; Moser et al., 1998) . This is in line with a variety of reports demonstrating that inactivation of G i -type G-proteins by pertussis toxin pretreatment of lymphocytes results in impaired homing to peripheral lymph nodes and Peyer's patches (Spangrude et al., 1984; Chan et al., 1990; Perlmutter, 1991, Bargatze and Butcher, 1993; Warnock et al., 1998) . In addition, G i -type G-proteins have been shown to mediate chemotactic responses of lymphocytes and neutrophils to various chemoattractants (Spangrude et al., 1985; Goldmann et al., 1985) . While various mechanisms linking loss of Ga i2 to the development of in¯ammatory bowel disease are conceivable, the exact pathogenesis is still obscure. In addition to the colitis, many Ga i2 -de®cient mice develop colonic adenocarcinomas. Since Ga i2 is expressed in in¯ammatory cells as well as in colonic epithelial cells dysplasia may be secondary to the in¯ammatory process or may result from an intrinsic defect in colonic epithelial cells. Cytogenetic examination of normal non-in¯amed mucosa and in¯amed mucosa in Ga i2 -de®cient mice suggest that hyperplasia and dysplasia were secondary to colonic in¯ammation (Broaddus et al., 1998) . Interestingly, mice lacking the catalytic domain of phosphatidylinositol-3-kinase g (PI3Kg), an eector of G i -type G-proteins, also develop colorectal carcinomas (Sasaki et al., 2000b) . PI3Kg has been shown to be involved in macrophage and neutrophil chemotactic responses as well as in T Studies in Ga-deficient mice S Offermanns cell activation (Hirsch et al., 2000; Sasaki et al., 2000a; Li et al., 2000) , however, no signs of in¯ammatory bowel disease have been reported in these animals so far.
The a-subunits of the murine G-protein G 15 and its human counterpart G 16 belong to the Ga q family and are exclusively expressed in hematopoietic cells (Amatruda et al., 1991; Wilkie et al., 1991) . Expression appears to be highly regulated during dierent stages of bone marrow cell maturation suggesting that G 15 / G 16 play a role in hematopoiesis. Surprisingly, Ga 15 de®cient mice show normal hematopoiesis of various lineages, and the morphology and function of the major immunological tissues appeared to be normal (Davignon et al., 2000) . Apart from a reduced eect of C5a in macrophages no cellular defects were found. Thus, other G-proteins of the G i -and/or G q -families may compensate for the loss of Ga 15 , and its physiological function remains obscure.
Heart
Adult cardiomyocytes are terminally dierentiated post mitotic cells which respond to stimulatory signals with cell growth rather than proliferation. By contrast, embryonic cardiomyocytes retain the capacity to proliferate. The Ga q /Ga 11 -mediated signaling pathway appears to play a pivotal role in the regulation of physiological myocardial growth during embryogenesis. This is demonstrated by the phenotype of Ga q / Ga 11 -double de®cient mice which die at embryonic day 11 due to a severe thinning of the myocardial layer of the heart . Both the trabecular ventricular myocardium as well as the subepicardial layer appeared to be underdeveloped. The G q /G 11 -coupled receptors involved in the regulation of cardiac growth at mid-gestation are currently unknown. Interestingly, pharmacological blockade of 5-HT 2B receptors in mouse embryos resulted in abnormal organization of the subepicardial layer and the absence of the trabecular cell layer of the ventricular myocardium (Choi et al., 1997) , and lack of both, endothelin A (ET A ) and B (ET B ) receptors resulted in midgestational cardiac failure . It is possible that there is signaling redundancy with several inputs into the G q/11 pathway and that only deletion of both the Ga q and the Ga 11 genes results in severe phenotypic defects during early heart development due to the ablation of the G q /G 11 -phospholipase-C-b-pathway. Interestingly, one intact allele of the Ga q or Ga 11 gene was obviously sucient to overcome the early developmental block in heart development resulting from the complete absence of Ga q /Ga 11 . However, Ga q (7/7); Ga 11 (7/+) and to a lesser degree in Ga q (7/+); Ga 11 (7/7) pups showed an increased incidence of cardiac defects ranging from septal defects to univentricular hearts (Table 2 ). There is increasing evidence that the G q /G 11 -mediated pathway is also involved in myocardial hypertrophy in the adult heart following mechanical stress. In line with this, transgenic expression of wild-type Ga q or of a constitutively active mutant of Ga q in the heart (D'Angelo et al., 1997; Mende et al., 1998) results in cardiac hypertrophy. In a reversed approach to study the role of G q /G 11 in the induction of cardiac hypertrophy, a short fragment of the Ga q -C-terminus was transgenically expressed in mouse hearts (Akhter et al., 1998) . Cardiac expression of this minigene, which was shown to interfere with receptor-G q /G 11 interaction, reduced ventricular hypertrophy due to aortic constriction. This supports the concept that G q /G 11 -mediated phospholipase C activation is critically involved in the development of mechanical stress-induced cardiac hypertrophy by coupling receptors of various paraand autocrine factors to the induction of a genetic program which results in the growth of cardiomyocytes.
In contrast to its abundance in the central nervous system, Ga o represents only a minor fraction of all Gproteins in the heart. Nevertheless, it was shown that the inhibitory muscarinic regulation of cardiac L-type Ca 2+ channels in the heart was completely abrogated in the Ga o (7/7) mice (Valenzuela et al., 1997) suggesting that G o plays a crucial role in this process. In a study using nodal/atrial-like cardiocytes dierentiated from Ga-de®cient mouse embryonic stem cells an important role for Ga o in muscarinic regulation of L-type Ca 2+ -channels could be con®rmed (Ye et al., 1999) . However, this study also points to an involvement of G i -type G-proteins in this inhibitory regulation which occurs through an unknown indirect mechanism. The physiological signi®cance of G omediated Ca 2+ channel inhibition in the heart remains 
Sensory systems
Signal transduction of most sensory stimuli involves heterotrimeric G-proteins. Odors, light and tastants act directly on G-protein coupled receptors. The G-protein G olf is centrally involved in the transduction of odorant stimuli while rod-transducin (G t-r ) and conetransducin (G t-c ) play well established roles in the phototransduction cascade in the outer segments of retinal rods and cones where they couple light receptors to cGMPphosphodiesterase (Yar®tz and Hurley, 1994) . While mice heterozygous for an inactivating mutation of the G t-r a-subunit appear to be normal, homozygotes show defective light responses and develop mild retinal degeneration with age (Calvert et al., 2000) .
Unlike the perception of odorants and light gustatory stimuli are only in part transduced through G-protein mediated mechanisms. Among the four taste qualities sweet, bitter, sour and salty, bitter and sweet tastes appear to signal through heterotrimeric G-proteins. Gustducin is a G-protein mainly expressed in taste cells (McLaughlin et al., 1992) . It has high homology to transducins and has been proposed to couple receptors for bitter tastants to speci®c taste cell phosphodiesterases. This concept is supported by studies on Ga gustde®cient mice which show impaired electrophysiological and behavioral responses to bitter agents while responses of gustducin (7/7) mice to sour and salty stimuli were indistinguishable from those of wild-type mice (Wong et al., 1996) . Surprisingly, studies in these mice suggest that gustducin is also involved in tasting sweet substances as behavioral and neuronal taste sensitivity to sweet tastants was impaired (Lindemann, 1996; Kinnamon and Margolski, 1996) .
Platelets
Platelets are discoid cell fragments which under physiological conditions become activated at sites of vascular injury. Activated platelets immediately undergo a shape-change-reaction during which they become spherical and extrude pseudopodia-like structures. Full platelet activation includes secretion of granule contents as well as inside-out activation of the ®brinogen receptor, integrin a IIb b 3 , resulting in platelet aggregation. Most of the physiological activators of platelets like thrombin, thromboxane A 2 or ADP act through G-protein-coupled receptors which in turn activate G i , G q , G 12 and G 13 (Shenker et al., 1991; Oermanns et al., 1994) . The main signaling pathway leading to full platelet activation is believed to involve b-isoforms of phospholipase C which can be regulated through Gprotein bg-subunits or a-subunits of the G q family. While most cells in mammalian organisms express both Ga q and Ga 11 , platelets only contain Ga q (Johnson et al., 1996) . Platelets from Ga q -de®cient mice did not aggregate and secrete their granule contents in response to thromboxane A 2 , ADP, thrombin as well as to low concentrations of collagen (Oermanns et al., 1997b) . Similarly, thromboxane A 2 , ADP and thrombin failed to induce production of inositol-1,4,5-trisphosphate and transient increases in the free cytosolic Ca 2+ -concentration in Ga q -de®cient platelets, indicating that Ga q -mediated activation of phospholipase C is the central pathway through which various physiological platelet activators signal in order to induce full activation of mouse platelets. G-protein bg-subunits released from other G-proteins are obviously not able to compensate the loss of Ga q . Lack of Ga q -mediated phospholipase C activation did not interfere with the ability of thromboxane A 2 and thrombin to induce platelet shape change. Thus, induction of platelet shape change through receptors of dierent platelet stimuli is mediated by G-proteins other than G q . Studies employing Ga q -de®cient platelets indicate that the Gproteins G 12 /G 13 but not G i are critically involved in the receptor-mediated shape change response in platelets and that the G 12 /G 13 -mediated shape change involves a Rho/Rho-kinase-mediated pathway resulting in the phosphorylation of the myosin light chain (Klages et al., 1999) . The defective activation of Ga qde®cient platelets results in a primary hemostasis defect as demonstrated by the dramatically increased bleeding times of adult Ga q -de®cient mice while coagulation times appeared to be normal. In addition, Ga q (7/7) mice are protected against platelet-dependent thromboembolism as they survived an intravenous injection of collagen which was usually lethal in wild-type mice.
The role of G-proteins of the G i/o family in platelet activation has recently been elucidated. Platelets contain at least three members of this class, G i2 , G i3 and G z . ADP, which is released from activated platelets and functions as a positive feedback mediator during platelet activation induces full platelet activation through a G q -coupled P2Y1 receptor as well as through a G i -coupled purinergic receptor (Gachet et al., 1997) . The importance of the G i -mediated pathway is indicated by the fact that responses to ADP were markedly reduced in platelets lacking Ga i2 (Jantzen et al., 1999) . In contrast to ADP or thrombin, epinephrine is not a full platelet activator per se in murine platelets. However, it is able to potentiate the eect of other platelet stimuli. In platelets from Ga z de®cient mice, inhibition of adenylyl cyclase by epinephrine as well as epinephrine's potentiating eects were clearly impaired, while the eects of other platelet activators appeared to be unaected by the lack of Ga z (Yang et al., 2000) . Thus, G q -, G 12 -as well as G i/o -family members are involved in processes leading to full platelet activation.
Conclusions
Gene targeting techniques have been used to delete almost all known genes encoding G-protein a-subunits Studies in Ga-deficient mice S Offermanns in mice. In some cases, models for complex human diseases have been generated by targeted gene alteration, in other cases, potential new target-structures or -processes for new drugs could be de®ned. These studies have led to considerable advances in the understanding of G-protein-mediated signaling processes. However, only a minor fraction of the wideranged biological functions of G-protein mediated signaling processes have probably been elucidated by targeted inactivation of Ga genes so far. Many functions remain unrecognized because of functional redundancy of closely related G-proteins or because of early death of the de®cient mice. To circumvent these obstacles, researchers have begun to cross individual mutants and to generate mouse lines which allow for the conditional inactivation of genes in a time-and tissue-speci®c manner. These approaches will soon allow further insights into the biological functions of G-protein-mediated signaling pathways.
